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Abstract 
In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 
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1. Introduction 
Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge
of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 
On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 
Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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Abstract 
Surface integrity is one of the most significant quality aspects of micro-grinding of difficult-to-cut materials. On the other hand, specific grinding 
energy is a fundamental parameter for describing the micro-grinding process. This paper addresses the surface integrity of the micro-ground 
surface of a titanium alloy under different cutting speeds and feed-rate-to-depth-of-cut (vw/ae) ratios at the same chip thickness. Three different 
cutting speeds and vw/ae ratios have been chosen and the residual stress of the workpiece, as well as the specific micro-grinding energy, have 
been investigated. The results showed that almost the same minimum specific grinding energy was obtained at tested cutting speed and vw/ae 
ratio. The results of the XRD analysis showed that contrary to the specific micro-grinding energy, the residual stresses of the ground surface 
changed by varying the cutting speed and vw/ae ratio. Higher cutting speeds resulted in lower compressive residual stress, and higher vw/ae ratios 
resulted in higher compressive stresses. This can be attributed to higher temperatures in the chip-formation process compared to the plastic 
deformation in micro-grinding at higher cutting speeds and lower vw/ae ratios which was proved via SEM micrographs. 
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1. Introduction 
In comparison to other bio-materials, like ceramics and 
germanium, Ti6Al4V (titanium grade 5)  is a promising 
material for biomedical and aerospace industries which require 
extraor inary properties [1].  Due to the hard nature of titanium, 
fabrication of damage-free surfaces is challenging, and its 
machining is always accompanied by high plastic eformati n
due to high cutti g forces and rapid tool wear. The micro-
grinding process is a promising material removal method when 
high form and dimensional accuracies and fine finished 
surfaces with no or minimal damages are. During the micro-
grinding cess, the elastic an  plastic deformat ons, chip 
formation and friction between the grains and the workpiece
material result in relatively high specific energy which is
required to remove the material. The generated specific energy
of micro-grinding can be described as a closely correlated 
parameter to the ground surface integrity. It is hence a 
fundamental parameter/indicator to assess the grindability of 
the material. The mechanical work during the material removal 
process results in compressive residual stresses, while the 
cu ting temperature over the surface of the material results in
tensile res dual stresses, which may caus  surfa e and sub-
surface d mages.  These damages negatively affect th
performance of the parts. Ther f e, con ecting the spec fic 
grinding energy  the integrity of the finished urface is 
essential.  
Gong et al. [2] and Zhou et al. [3] analyz d the removal 
mechanism of nickel-based single crystal superalloy and
develop d a prediction mod  fo  the micro-grinding forces. 
They also stud ed the effect of grinding parameter  o  grinding 
forces and microstructure of ground surface and sub-surface. 
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1. Introduction 
In comparison to other bio-materials, like ceramics and 
germanium, Ti6Al4V (titanium grade 5)  is a promising 
material for biomedical and aerospace industries which require 
extraordinary properties [1].  Due to the hard nature of titanium, 
fabrication of damage-free surfaces is challenging, and its 
machining is always accompanied by high plastic deformation 
due to high cutting forces and rapid tool wear. The micro-
grinding process is a promising material removal method when 
high form and dimensional accuracies and fine finished 
surfaces with no or minimal damages are. During the micro-
grinding process, the elastic and plastic deformations, chip 
formation and friction between the grains and the workpiece 
material result in relatively high specific energy which is 
required to remove the material. The generated specific energy 
of micro-grinding can be described as a closely correlated 
parameter to the ground surface integrity. It is hence a 
fundamental parameter/indicator to assess the grindability of 
the material. The mechanical work during the material removal 
process results in compressive residual stresses, while the 
cutting temperature over the surface of the material results in 
tensile residual stresses, which may cause surface and sub-
surface damages.  These damages negatively affect the 
performance of the parts. Therefore, connecting the specific 
grinding energy to the integrity of the finished surface is 
essential.  
Gong et al. [2] and Zhou et al. [3] analyzed the removal 
mechanism of nickel-based single crystal superalloy and 
developed a prediction model for the micro-grinding forces. 
They also studied the effect of grinding parameters on grinding 
forces and microstructure of ground surface and sub-surface. 
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They showed that the most shear slipping planes of nickel-
based single crystal superalloy are {111} planes. The thickness 
of subsurface plastic deformation and the surface roughness 
increased with increasing the feed rate and grinding depth and 
decreased with increasing the cutting speed.  Kadivar et al. [4] 
showed that the surface roughness of the ground surface in 
micro-grinding of Ti-6Al-4V is highly connected to the 
dressing and grinding parameters. 
Based on the experimental work of Fook et al. [5], low 
peripheral speed and low depth of cut are the main parameters 
to achieve optimum surface integrity while micro-grinding of 
bioceramics. Zhang et al. [6,7] studied the surface integrity of 
amorphized Si during micro-grinding of RB-SiC/Si 
composites. They showed that the recrystallization developed 
at higher feed rates. At lower feed rates, the surface generation 
mechanism changed from micro-breaking to smoother surface. 
Morgan et al. [8] studied the specific energy of micro-grinding 
while grinding tungsten carbide. They showed that the grinding 
specific energy dropped suddenly and then remained constant 
after the tool engagement. 
The number of publications with a focus on the specific 
energy of micro-grinding and its connection to the surface 
integrity is limited. There are very few studies with the focus 
on the micro-grinding of titanium alloys. To fulfill this research 
gap, Ti6Al4V titanium was ground at the same chip thicknesses 
with different cutting speeds and feed rate-to-depth of cut 
ratios, and the surface integrity was analyzed by XRD and SEM 
techniques.  
2.  Methodology  
The micro-grinding of Ti6Al4V titanium alloy was carried 
out on a high-precision micro-grinding machine (Kern Pyrimad 
Nano) with grinding oil as the lubricant. A vitrified diamond 
micro-tool with a diameter of 2 mm, a diamond grain size of 
46, and a concentration of 150 was used for the experiments. 
The grinding tool was dressed prior to each test using a 
diamond rotary dresser with dressing overlap ratio, Ud, of 2, 
dressing speed ratio, qd, of +0.8, and a constant dressing depth 
of cut, aed, 2 μm.  The micro-grinding tests were conducted at 
three different cutting speeds (vc) and feed-rate-to-depth-of-cut 
ratios (vw/ae) while keeping the equivalent chip thickness at a 
constant level. For the sake of repeatability, each test was 
repeated two times. Table 1 lists the used grinding parameters. 
The normal and tangential grinding forces were measured using 
a type 9256C2 Kistler dynamometer. The experimental setup is 
shown in Fig. 1. The surface integrity of the parts was analyzed 
using SEM with the penetration depth of the radiation of 5 µm 
and XRD techniques. Prior to each trial, each workpiece was 
50 µm ground with conservative grinding parameters 
(ae = 1µm, vw = 50 mm/min and vc = 6 m/s), inducing low 
grinding forces and temperature. 
Table 1. Experimental parameters  
Cutting speed (vc) 6, 10, and 14 m/s 
Maximum chip thickness (hcu) 0.5, 1.3, 2.3 and 2.9 µm 
Feed rate to depth of cut ratio (vw/ae) 5, 8, and 11 x104 
Axial depth of cut (ap) 3.5 mm 
The maximum chip thickness, hcu, has been used in this 
study to compare the results. The maximum chip thickness, in 
practice, depends on the cutting-edge density and grit shape 
factor. To calculate the hcu, probabilistic modeling was used 
[9]. All the number of abrasive grains over the whole surface 
of the grinding tool was counted in different heights using a 
confocal microscope. The density of dynamic cutting edges, the 
real tool-workpiece contact length and maximum chip 
thickness were calculated based on this probabilistic analysis 










Fig. 1. Experimental setup 
The specific grinding energy, ec, indicates the process 
efficiency and depends on the grinding parameters such as 
grinding power and material removal rate and is given by [10]: 
 
𝑒𝑒𝑐𝑐 =  
𝐹𝐹𝑡𝑡 𝑣𝑣𝑐𝑐
𝑎𝑎𝑝𝑝 𝑎𝑎𝑒𝑒 𝑣𝑣𝑤𝑤
= 𝐹𝐹𝑡𝑡 𝑣𝑣𝑐𝑐𝑄𝑄𝑤𝑤   (2) 
 
where ap is the axial depth of cut, Ft is the tangential grinding 
force, and Qw represents the material removal rate. 
 
 
Fig. 2. The grinding specific energy versus maximum undeformed chip 
thickness. (a) the effect of cutting speed (vw/ae = 8x104 mm/mm.min); (b) the 
effect of feed-rate-to-depth-of-cut ratio (vc = 10 m/s) 
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3. Results and discussion 
Fig. 2 illustrates the effect of different cutting speeds and 
feed-rate-to-depth-of-cut ratios on specific energy. With 
increasing chip thickness, the shares of friction and plastic 
deformation in chip formation decrease and consequently the 
grinding process becomes more efficient. With this, the specific 
grinding energy approaches its minimum value (between 12-
15 J/mm3 [11,12]). Reaching the minimum specific grinding 
energy (e.g. values common/associated with 
conventional/macro grinding of same materials) via micro-
grinding process is not probable since this minimum value can 
only be achieved by high values of the chip thickness in the 
grinding process (utilizing high depth of cuts and feed rates). 
Duo to the nature of the micro-grinding process, i.e. small tool 
diameter and high tool deflection, achieving high values of the 
chip thickness is practically impossible. Using lower cutting 
speeds led to higher specific grinding energy. Interestingly 
changing the cutting speed from 10 to 14 m/s did not change 
the value of the specific grinding energy considerably. The 
reason may because of the process temperature and also chip 
formation mechanisms at different cutting speeds which need 
to be investigated fundamentally. 
Changing the cutting speed may vary shares of the friction 
and plastic deformation in the chip formation process due to 
inertia effects and/or influence of the chip thickness. This can 
be perceived via the obtained specific energy values. A lower 
share of plowing and friction promotes a more efficient 
grinding process and a higher share of the cutting action. 
According to Fig. 2a, the highest values of the specific energy 
occurred at a cutting speed of 6 m/s. The specific grinding 
energies are in the same order for the cutting speeds of 10 and 
14 m/s. For a better understanding, an SEM investigation is 
required to study the effect of the cutting speed on the surface 
quality and process efficiency.  
 
 
Fig. 3. The residual stress at constant chip thickness versus (a) the cutting 
speed (vw/ae = 8x104); (b) the feed rate to depth of cut ratio (vc = 10 m/s) 
Fig. 2b shows the effect of the feed-rate-to-depth-of-cut 
ratio on the specific grinding energy. Increasing this ratio did 
not result in variation of the specific grinding energy – meaning 
the independency of the process efficiency to the vw/ae ratio.   
In the grinding process, the induced residual stress arises as 
a result of the thermo-mechanical effects during the material 
removal process. They can be related either to thermal or 
mechanical loads. Thermal loads, such as the thermo-plastic 
deformation at elevated temperatures, lead to tensile residual 
stresses – in this case, due to limited material expansion as a 
result of high temperature occurring in a very short time period 
and the rapid cooling in the contact zone. Mechanical loads, 
like the mechanical and plastic deformation loads on the 
ground surface, cause compressive residual stresses [13–16].  
 
 
Fig. 4. SEM pictures of the ground surface at different cutting speeds but 
constant chip thickness (a) vc = 6 m/s; (b) vc = 10 m/s; (c) vc = 14 m/s 
(vw/ae = 8x104 mm/mm.min and hcu= 1.3 µm) 
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They showed that the most shear slipping planes of nickel-
based single crystal superalloy are {111} planes. The thickness 
of subsurface plastic deformation and the surface roughness 
increased with increasing the feed rate and grinding depth and 
decreased with increasing the cutting speed.  Kadivar et al. [4] 
showed that the surface roughness of the ground surface in 
micro-grinding of Ti-6Al-4V is highly connected to the 
dressing and grinding parameters. 
Based on the experimental work of Fook et al. [5], low 
peripheral speed and low depth of cut are the main parameters 
to achieve optimum surface integrity while micro-grinding of 
bioceramics. Zhang et al. [6,7] studied the surface integrity of 
amorphized Si during micro-grinding of RB-SiC/Si 
composites. They showed that the recrystallization developed 
at higher feed rates. At lower feed rates, the surface generation 
mechanism changed from micro-breaking to smoother surface. 
Morgan et al. [8] studied the specific energy of micro-grinding 
while grinding tungsten carbide. They showed that the grinding 
specific energy dropped suddenly and then remained constant 
after the tool engagement. 
The number of publications with a focus on the specific 
energy of micro-grinding and its connection to the surface 
integrity is limited. There are very few studies with the focus 
on the micro-grinding of titanium alloys. To fulfill this research 
gap, Ti6Al4V titanium was ground at the same chip thicknesses 
with different cutting speeds and feed rate-to-depth of cut 
ratios, and the surface integrity was analyzed by XRD and SEM 
techniques.  
2.  Methodology  
The micro-grinding of Ti6Al4V titanium alloy was carried 
out on a high-precision micro-grinding machine (Kern Pyrimad 
Nano) with grinding oil as the lubricant. A vitrified diamond 
micro-tool with a diameter of 2 mm, a diamond grain size of 
46, and a concentration of 150 was used for the experiments. 
The grinding tool was dressed prior to each test using a 
diamond rotary dresser with dressing overlap ratio, Ud, of 2, 
dressing speed ratio, qd, of +0.8, and a constant dressing depth 
of cut, aed, 2 μm.  The micro-grinding tests were conducted at 
three different cutting speeds (vc) and feed-rate-to-depth-of-cut 
ratios (vw/ae) while keeping the equivalent chip thickness at a 
constant level. For the sake of repeatability, each test was 
repeated two times. Table 1 lists the used grinding parameters. 
The normal and tangential grinding forces were measured using 
a type 9256C2 Kistler dynamometer. The experimental setup is 
shown in Fig. 1. The surface integrity of the parts was analyzed 
using SEM with the penetration depth of the radiation of 5 µm 
and XRD techniques. Prior to each trial, each workpiece was 
50 µm ground with conservative grinding parameters 
(ae = 1µm, vw = 50 mm/min and vc = 6 m/s), inducing low 
grinding forces and temperature. 
Table 1. Experimental parameters  
Cutting speed (vc) 6, 10, and 14 m/s 
Maximum chip thickness (hcu) 0.5, 1.3, 2.3 and 2.9 µm 
Feed rate to depth of cut ratio (vw/ae) 5, 8, and 11 x104 
Axial depth of cut (ap) 3.5 mm 
The maximum chip thickness, hcu, has been used in this 
study to compare the results. The maximum chip thickness, in 
practice, depends on the cutting-edge density and grit shape 
factor. To calculate the hcu, probabilistic modeling was used 
[9]. All the number of abrasive grains over the whole surface 
of the grinding tool was counted in different heights using a 
confocal microscope. The density of dynamic cutting edges, the 
real tool-workpiece contact length and maximum chip 
thickness were calculated based on this probabilistic analysis 
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3. Results and discussion 
Fig. 2 illustrates the effect of different cutting speeds and 
feed-rate-to-depth-of-cut ratios on specific energy. With 
increasing chip thickness, the shares of friction and plastic 
deformation in chip formation decrease and consequently the 
grinding process becomes more efficient. With this, the specific 
grinding energy approaches its minimum value (between 12-
15 J/mm3 [11,12]). Reaching the minimum specific grinding 
energy (e.g. values common/associated with 
conventional/macro grinding of same materials) via micro-
grinding process is not probable since this minimum value can 
only be achieved by high values of the chip thickness in the 
grinding process (utilizing high depth of cuts and feed rates). 
Duo to the nature of the micro-grinding process, i.e. small tool 
diameter and high tool deflection, achieving high values of the 
chip thickness is practically impossible. Using lower cutting 
speeds led to higher specific grinding energy. Interestingly 
changing the cutting speed from 10 to 14 m/s did not change 
the value of the specific grinding energy considerably. The 
reason may because of the process temperature and also chip 
formation mechanisms at different cutting speeds which need 
to be investigated fundamentally. 
Changing the cutting speed may vary shares of the friction 
and plastic deformation in the chip formation process due to 
inertia effects and/or influence of the chip thickness. This can 
be perceived via the obtained specific energy values. A lower 
share of plowing and friction promotes a more efficient 
grinding process and a higher share of the cutting action. 
According to Fig. 2a, the highest values of the specific energy 
occurred at a cutting speed of 6 m/s. The specific grinding 
energies are in the same order for the cutting speeds of 10 and 
14 m/s. For a better understanding, an SEM investigation is 
required to study the effect of the cutting speed on the surface 
quality and process efficiency.  
 
 
Fig. 3. The residual stress at constant chip thickness versus (a) the cutting 
speed (vw/ae = 8x104); (b) the feed rate to depth of cut ratio (vc = 10 m/s) 
Fig. 2b shows the effect of the feed-rate-to-depth-of-cut 
ratio on the specific grinding energy. Increasing this ratio did 
not result in variation of the specific grinding energy – meaning 
the independency of the process efficiency to the vw/ae ratio.   
In the grinding process, the induced residual stress arises as 
a result of the thermo-mechanical effects during the material 
removal process. They can be related either to thermal or 
mechanical loads. Thermal loads, such as the thermo-plastic 
deformation at elevated temperatures, lead to tensile residual 
stresses – in this case, due to limited material expansion as a 
result of high temperature occurring in a very short time period 
and the rapid cooling in the contact zone. Mechanical loads, 
like the mechanical and plastic deformation loads on the 
ground surface, cause compressive residual stresses [13–16].  
 
 
Fig. 4. SEM pictures of the ground surface at different cutting speeds but 
constant chip thickness (a) vc = 6 m/s; (b) vc = 10 m/s; (c) vc = 14 m/s 
(vw/ae = 8x104 mm/mm.min and hcu= 1.3 µm) 
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Fig. 3 shows the results of residual stress measurement 
using the XRD technique. Compressive residual stresses were 
observed in all test specimens. In the micro-grinding process, 
the grinding temperature is low compared to the 
conventional/macro grinding process. Therefore, residual 
stresses are likely induced by mechanical loads which are the 
result of the mechanical load during the grinding process. 
Increasing the cutting speed from 6 m/s to 10 m/s resulted in 
lower compressive residual stresses. And increasing the cutting 
speed from 10 m/s to 14 m/s did not change the residual 
stresses significantly. The error bars show the repeatability of 
the test as it was mentioned each test was 2 times performed 
and the error bars show the domain of the result.  Using a 
higher feed rate and lower depth of cut (higher vw/ae ratio) 
resulted in more compressive residual stress.  
Fig. 4 illustrates the effect of cutting speed on the surface 
quality of the ground surface at a similar chip thickness 
(1.3 µm) and the feed-rate-to-depth-of-cut ratio of 
8x104 mm/mm.min. The results show that increasing the 
cutting speed deteriorated the surface quality of the workpiece. 
At a cutting speed of 6 m/s only the feed marks and grinding 
paths can be observed, and the surface is free of defects.  
Increasing the cutting speed to 10 m/s caused some amount of 
smeared material over the ground surface as well as some 
cavities – meaning more plastic deformation and possibly 
higher process temperature during the grinding process. 
Increasing the cutting speed to 14 m/s amplified surface errors 
as a result of high plastic deformation and higher temperatures 
compared to the cutting speed of 6 m/s. More cavities and large 
amounts of smeared material could be observed over the 
ground surface. Moreover, some material debris were found on 
the ground surfaces at higher cutting speeds. The results 
indicate that although the vw/ae ratio does not have a noticeable 
influence on the specific grinding energy, it can largely affect 
the residual stresses of the finished part, which is a novel 
finding. 
The integrity of the ground surface is influenced by micro-
grinding parameters i.e. cutting speed and vw/ae ratio. The 
residual stress can be generated due to thermal and/or 
mechanical stresses [17]. The thermal stress is responsible for 
tensile residual stress and the mechanical stress for 
compressive one. The measured residual stresses in Fig.3 
indicate that they were generated only near the ground surface 
and beneath the surface the effects of neither thermal nor 
mechanical stresses were seen. In addition, no tensile residual 
stresses were generated on the ground surface, but compressive 
stresses up to around 150 MPa were measured. This confirms 
that the effect of mechanical loads on the surface is dominant 
and the heat generation in micro-grinding (in contrast to 
macro-grinding) is not so high that any tensile residual stress 
can be generated.  
Figs. 2-4 suggest that the grinding specific energy can be 
connected to the surface integrity. Comparing Figs. 2a and 3b 
shows that where the specific micro-grinding energy is higher 
(vc = 6 m/s) more compressive residual stress was induced. 
This is due to the higher mechanical loads (grinding forces) on 
the surface at vc = 6 m/s compared to the higher cutting speeds. 
The residual stress values shown in Fig. 3a corresponds to the 
chip thickness of about 1.3 µm in Fig.2a. In order to keep the 
chip thickness constant, depth of cut and feed rate varied at 
different cutting speeds, resulting in a change in the tool-
workpiece contact length (lc). Hence, according to Fig.3a, 
rising the cutting speed from 6 to 10 m/s leads to a 10% 
increase in the contact length (lc). The specific energy and 
consequently mechanical load on the ground surface at 
vc = 6 m/s (at hcu = 1.3 µm) is about 15% higher than that at 
vc = 10 m/s. On the other hand, this increased force is 
distributed on the 10% smaller contact zone, as a result of 
which about 35% more compressive residual stress on the 
ground surface was generated. The same effect, but with a 
slighter trend, can be seen in Figs. 2a and 3a by increasing the 
cutting speed from 10 to 14m/s (almost the same specific 
energy, 7% larger lc). 
At the higher cutting speed and at a constant chip thickness, 
the number of wheel rotation during the grinding path increases 
(cutting speed 14 m/s about 2 times higher than cutting speed 
6 m/s). Despite, lower heat generation at higher cutting speeds 
(e.g. vc = 6 m/s compared to 10 and 14 m/s), due to the higher 
rotation number, the surface temperature can elevate. As a 
result, the surface quality became worse with cutting speed 
(Fig.4; more debris and smeared material at higher cutting 
speeds). The elevated surface temperature with an increase in 
cutting speed can principally induce tensile residual stresses if 
its order is big enough. Recognizing the contribution of thermal 
and compressive stresses on the values measured in Fig.3a 
needs further fundamental investigation.  
Comparing Figs. 2b and 3b shows that the specific grinding 
energy is in the same order by varying the vw/ae ratio (at each 
constant chip thickness); the residual stresses changed with 
changing the vw/ae ratio. The almost constant grinding specific 
energies at various cutting speeds and the vw/ae ratios (at 
constant chip thicknesses) express that the tangential grinding 
forces are in the same order. Increasing the vw/ae ratio leads to 
a lower contact time between the tool and the workpiece (either 
due to a smaller contact length (Fig.3b.) or due to higher feed 
speeds, leading to a smaller heat partition into the workpiece. 
Thus, higher compressive residual stress was induced in 
vw/ae = 11x104 compared with 8x104 and 5x104.  
Measuring the process temperature may lead to a better 
understanding of the effects of the process parameters on the 
surface integrity and the specific grinding energy. This is 
beyond the scope of current work but is planned in the future. 
Conclusions  
The surface integrity of Ti6Al4V in micro-grinding process 
considering the specific energy was studied. The combined 
effect of both material removal and plastic deformation has 
been considered, and the effects of the cutting speed and feed-
rate-to-depth-of-cut ratio was studied. The following 
conclusions were drawn: 
• Feed-rate-to-depth-of-cut ratio did not significantly 
change the value of the specific energy of micro-grinding 
while keeping the maximum chip thickness constant. 
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However, using lower cutting speeds resulted in higher 
specific grinding energy.  
• Micro-grinding experiments induced only compressive 
residual stresses –limited to the ground surface. Lower 
cutting speed and higher vw/ae ratio resulted in larger 
compressive residual stresses. The induced compressive 
residual stresses by varying the vw/ae ratio were mostly as 
a result of thermal loads. Changing the cutting speed 
generated both thermal and mechanical loads.  
• The tool-workpiece contact length plays an important role 
in induced residual stresses. At the same specific energies, 
changing the contact length results in different residual 
stresses.   
• Almost a damage-free surface was achieved employing 
the cutting speed of 6 m/s. High cutting speeds led to a 
huge amount of smeared material, cavities, and material 
debris. 
• To achieve a finished surface with good surface integrity, 
in a constant material removal rate, the lower cutting speed 
and higher feed rate instead of a large depth of cut are 
suggested. 
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Fig. 3 shows the results of residual stress measurement 
using the XRD technique. Compressive residual stresses were 
observed in all test specimens. In the micro-grinding process, 
the grinding temperature is low compared to the 
conventional/macro grinding process. Therefore, residual 
stresses are likely induced by mechanical loads which are the 
result of the mechanical load during the grinding process. 
Increasing the cutting speed from 6 m/s to 10 m/s resulted in 
lower compressive residual stresses. And increasing the cutting 
speed from 10 m/s to 14 m/s did not change the residual 
stresses significantly. The error bars show the repeatability of 
the test as it was mentioned each test was 2 times performed 
and the error bars show the domain of the result.  Using a 
higher feed rate and lower depth of cut (higher vw/ae ratio) 
resulted in more compressive residual stress.  
Fig. 4 illustrates the effect of cutting speed on the surface 
quality of the ground surface at a similar chip thickness 
(1.3 µm) and the feed-rate-to-depth-of-cut ratio of 
8x104 mm/mm.min. The results show that increasing the 
cutting speed deteriorated the surface quality of the workpiece. 
At a cutting speed of 6 m/s only the feed marks and grinding 
paths can be observed, and the surface is free of defects.  
Increasing the cutting speed to 10 m/s caused some amount of 
smeared material over the ground surface as well as some 
cavities – meaning more plastic deformation and possibly 
higher process temperature during the grinding process. 
Increasing the cutting speed to 14 m/s amplified surface errors 
as a result of high plastic deformation and higher temperatures 
compared to the cutting speed of 6 m/s. More cavities and large 
amounts of smeared material could be observed over the 
ground surface. Moreover, some material debris were found on 
the ground surfaces at higher cutting speeds. The results 
indicate that although the vw/ae ratio does not have a noticeable 
influence on the specific grinding energy, it can largely affect 
the residual stresses of the finished part, which is a novel 
finding. 
The integrity of the ground surface is influenced by micro-
grinding parameters i.e. cutting speed and vw/ae ratio. The 
residual stress can be generated due to thermal and/or 
mechanical stresses [17]. The thermal stress is responsible for 
tensile residual stress and the mechanical stress for 
compressive one. The measured residual stresses in Fig.3 
indicate that they were generated only near the ground surface 
and beneath the surface the effects of neither thermal nor 
mechanical stresses were seen. In addition, no tensile residual 
stresses were generated on the ground surface, but compressive 
stresses up to around 150 MPa were measured. This confirms 
that the effect of mechanical loads on the surface is dominant 
and the heat generation in micro-grinding (in contrast to 
macro-grinding) is not so high that any tensile residual stress 
can be generated.  
Figs. 2-4 suggest that the grinding specific energy can be 
connected to the surface integrity. Comparing Figs. 2a and 3b 
shows that where the specific micro-grinding energy is higher 
(vc = 6 m/s) more compressive residual stress was induced. 
This is due to the higher mechanical loads (grinding forces) on 
the surface at vc = 6 m/s compared to the higher cutting speeds. 
The residual stress values shown in Fig. 3a corresponds to the 
chip thickness of about 1.3 µm in Fig.2a. In order to keep the 
chip thickness constant, depth of cut and feed rate varied at 
different cutting speeds, resulting in a change in the tool-
workpiece contact length (lc). Hence, according to Fig.3a, 
rising the cutting speed from 6 to 10 m/s leads to a 10% 
increase in the contact length (lc). The specific energy and 
consequently mechanical load on the ground surface at 
vc = 6 m/s (at hcu = 1.3 µm) is about 15% higher than that at 
vc = 10 m/s. On the other hand, this increased force is 
distributed on the 10% smaller contact zone, as a result of 
which about 35% more compressive residual stress on the 
ground surface was generated. The same effect, but with a 
slighter trend, can be seen in Figs. 2a and 3a by increasing the 
cutting speed from 10 to 14m/s (almost the same specific 
energy, 7% larger lc). 
At the higher cutting speed and at a constant chip thickness, 
the number of wheel rotation during the grinding path increases 
(cutting speed 14 m/s about 2 times higher than cutting speed 
6 m/s). Despite, lower heat generation at higher cutting speeds 
(e.g. vc = 6 m/s compared to 10 and 14 m/s), due to the higher 
rotation number, the surface temperature can elevate. As a 
result, the surface quality became worse with cutting speed 
(Fig.4; more debris and smeared material at higher cutting 
speeds). The elevated surface temperature with an increase in 
cutting speed can principally induce tensile residual stresses if 
its order is big enough. Recognizing the contribution of thermal 
and compressive stresses on the values measured in Fig.3a 
needs further fundamental investigation.  
Comparing Figs. 2b and 3b shows that the specific grinding 
energy is in the same order by varying the vw/ae ratio (at each 
constant chip thickness); the residual stresses changed with 
changing the vw/ae ratio. The almost constant grinding specific 
energies at various cutting speeds and the vw/ae ratios (at 
constant chip thicknesses) express that the tangential grinding 
forces are in the same order. Increasing the vw/ae ratio leads to 
a lower contact time between the tool and the workpiece (either 
due to a smaller contact length (Fig.3b.) or due to higher feed 
speeds, leading to a smaller heat partition into the workpiece. 
Thus, higher compressive residual stress was induced in 
vw/ae = 11x104 compared with 8x104 and 5x104.  
Measuring the process temperature may lead to a better 
understanding of the effects of the process parameters on the 
surface integrity and the specific grinding energy. This is 
beyond the scope of current work but is planned in the future. 
Conclusions  
The surface integrity of Ti6Al4V in micro-grinding process 
considering the specific energy was studied. The combined 
effect of both material removal and plastic deformation has 
been considered, and the effects of the cutting speed and feed-
rate-to-depth-of-cut ratio was studied. The following 
conclusions were drawn: 
• Feed-rate-to-depth-of-cut ratio did not significantly 
change the value of the specific energy of micro-grinding 
while keeping the maximum chip thickness constant. 
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However, using lower cutting speeds resulted in higher 
specific grinding energy.  
• Micro-grinding experiments induced only compressive 
residual stresses –limited to the ground surface. Lower 
cutting speed and higher vw/ae ratio resulted in larger 
compressive residual stresses. The induced compressive 
residual stresses by varying the vw/ae ratio were mostly as 
a result of thermal loads. Changing the cutting speed 
generated both thermal and mechanical loads.  
• The tool-workpiece contact length plays an important role 
in induced residual stresses. At the same specific energies, 
changing the contact length results in different residual 
stresses.   
• Almost a damage-free surface was achieved employing 
the cutting speed of 6 m/s. High cutting speeds led to a 
huge amount of smeared material, cavities, and material 
debris. 
• To achieve a finished surface with good surface integrity, 
in a constant material removal rate, the lower cutting speed 
and higher feed rate instead of a large depth of cut are 
suggested. 
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